Abstract St. John's Wort (Hypericum perforatum) is a perennial herb able to produce water-soluble active ingredients (a.i.), mostly in flowers, with a wide range of medicinal and biotechnological uses. However, information about the ability of arbuscular mycorrhizal fungi (AMF) to affect its biomass accumulation, flower production, and concentration of a.i. under contrasting nutrient availability is still scarce. In the present experiment, we evaluated the role of AMF on growth, flower production, and concentration of bioactive secondary metabolites (hypericin, pseudohypericin, and hyperforin) of H. perforatum under contrasting P availability. AMF stimulated the production of aboveground biomass under low P conditions and increased the production of root biomass. AMF almost halved the number of flowers per plant by means of a reduction of the number of flower-bearing stems per plant under high P availability and through a lower number of flowers per stem in the low-P treatment. Flower hyperforin concentration was 17.5% lower in mycorrhizal than in non-mycorrhizal plants. On the contrary, pseudohypericin and hypericin concentrations increased by 166.8 and 279.2%, respectively, with AMF under low P availability, whereas no effect of AMF was found under high P availability. These results have implications for modulating the secondary metabolite production of H. perforatum. However, further studies are needed to evaluate the competition for photosynthates between AMF and flowers at different nutrient availabilities for both plant and AM fungus.
Introduction
Arbuscular mycorrhizal (AM) fungi (Glomeromycota) and most land plants act in a symbiosis which usually enhances the biomass accumulation of the host compared to a nonmycorrhizal counterpart. This occurs mostly because of the ability of the AM fungi to take up nutrients with low mobility or low concentration within the soil solution and under various stress conditions (Smith and Read 2008) . The advantages of AM symbiosis to host plants have been demonstrated extensively in terms of enhancement of plant biomass and nutrient uptake, especially in cereals and legumes (Kaschuk et al. 2010; Saia et al. 2015a; Pellegrino et al. 2015; Bona et al. 2016a) . In medicinal and aromatic plants (MAPs), most of the information about the effects of AM fungi has been derived from investigations about the family Lamiaceae (Khaosaad et al. 2006; Copetta et al. 2006; Zeng et al. 2013; López-García et al. 2014; Bona et al. 2016b ; Silvia Lazzara and Marcello Militello equally contributed to this work.
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The online version of this article (doi:10.1007/s00572-016-0756-6) contains supplementary material, which is available to authorized users. Rydlová et al. 2016; Varela-Cervero et al. 2016) in which the most important active compounds are liposoluble, whereas few studies have been performed on other MAPs bearing hydrosoluble active ingredients (a.i.) or on other plant taxa (Kapoor et al. 2004; Liu et al. 2007; Jurkiewicz et al. 2010; Zubek et al. 2012) . In addition, the effects of AM fungi on the secondary metabolite (SM) production and storage in MAPs, of which the economic importance often relies upon their SM content and concentration, differed depending on the chemical classes, nutrient availability for the plant, AM fungus used in the experiment, and botanical taxon of the host plant (Brundrett 2009; Zeng et al. 2013; Bona et al. 2016b ). In particular, it was shown that AM fungi can increase the content and concentration of SMs either by mediating nutrient uptake, mostly P, involved in the biosynthetic pathways of SMs (Kapoor et al. 2004) or irrespective of any effect on P uptake (Khaosaad et al. 2006; Nell et al. 2010) . This latter likely depends on the direct intervention of the AM fungi in the biosynthesis of precursors of some SM constituents, as shown in cereals (Walter et al. 2000) . Thus, the role of AM fungi in the accumulation of MAP a.i. depends on the host plant and target metabolite. In addition, the role of AM symbiosis in flowering date and flower amount, flowers frequently being the plant organ with highest SM concentration and content, is fragmented. It has been shown that AM fungi can induce earlier (Usha et al. 2005; Bona et al. 2015) or delayed flowering (Nowak 2004; Saia et al. 2014a ) and either increase, reduce, or have no effect on flower number (Gaur and Adholeya 2005; Perner et al. 2007; Asrar et al. 2012; Bona et al. 2015) . Such effects differed among host plants, AM species or consortium used, nutrient availability, and other growth conditions.
St. John's Wort (Hypericum perforatum L.) is a perennial herb belonging to the Hypericaceae family (Ruhfel et al. 2013) , native to Europe, Asia, and North Africa, introduced and naturalized in North America and in temperate areas of the Southern hemisphere (Carrubba and Scalenghe 2012) . H. perforatum and related species have been used since ancient times as a local resource for medicinal purposes, due to their wound healing, mild sedative, antiviral, and antidepressant properties (Russo et al. 2014) . These properties are associated with a group of hydrosoluble metabolites, mostly accumulated in flowers: the phenolic compounds naphthodianthrones, including hypericin and pseudohypericin, and the phloroglucinol derivative hyperforin (Lazzara et al. 2015) .
Besides having been extensively studied for their medicinal applications, such compounds are recognized to possess antimicrobial and antifeedant properties and are involved in interaction mechanisms between plants and other organisms (Kirakosyan et al. 2004 ). However, scarce information is available about the effects of AM fungi and nutrient availability on plant biomass accumulation and flower content of hypericin, pseudohypericin, and hyperforin for H. perforatum.
The aim of the present experiment therefore was to evaluate the role of AM fungi on biomass, yield components, and flower production, as well as hypericin, pseudohypericin, and hyperforin content of H. perforatum grown under contrasting P availabilities.
Materials and methods

Plant material and experimental setup
The experiment was established at the CREA-SFM greenhouses in Bagheria (Palermo, Italy; 38°05′26″N, 13°31′15″ E, 35 m a.s.l.). To ensure genetic uniformity of the plant material used, a unique clone of H. perforatum was employed, obtained from one single individual growing in the experimental farm BSparacia^(Cammarata, AG, Italy, 37°38′ N, 13°46′ E, 415 m a.s.l). The mother plant chosen was among the most abundantly flowering plants available in the collection. Stem cuttings with four non-terminal buds were collected from the apical part of each branch. Each cutting was 2.5 cm long and weighted 3.2 g ± 0.86 g. Each cutting was placed in a 7 × 7 × 7-cm pot containing 140 g of a sterilized substrate, composed of 29% sand, 57% peat-based growth substrate, and 14% vermiculite (w/w). Sterilization was performed by exposing a thin (<5 cm thickness) layer of each substrate to UV-C radiation at 15 W per 4 h and stirring each substrate every hour. The peat-based commercial growth substrate used (Technic 3®) had the following main properties: 23% organic carbon (OC), 5% organic nitrogen (ON), 46% organic matter (OM), 410 kg m −3 bulk density, and 88% total porosity, pH 6.5. All pots were arranged in a heated-bed greenhouse (16°C ± 1°C, 95% RH ± 5%) irrigated by vaporization. After 40 days (May 4, 2013) , the rooted cuttings were transplanted free of soil from the nursery pots to larger pots (18 cm diameter, 3 L volume) filled with the same growth substrate used in the nursery phase (3 kg per pot). After transplanting, the growth substrate in each pot was brought to water holding capacity. Throughout the experiment, a water amount corresponding to the evapotranspiration losses, measured by the gravimetric method, was added to each pot two to three times per week. . P was applied as dry powder thoroughly mixed throughout the substrate. In the +AMF treatments, arbuscular mycorrhizal fungi (AMF) were inoculated at a dose of 460 spores per pot by means of a commercial inoculum (2.15 g inoculum per pot) (Micronized Endo Mycorrhizae, Symbio, Wormley, Surrey, Great Britain, 95% AM spores, 5% organic material). The AMF inoculum included the following AM species: Scutellospora calospora, Acaulospora laevis, Gigaspora margarita, Glomus aggregatum, Rhizophagus irregularis (syn G. intraradices), Funneliformis mosseae (syn G. mosseae), Rhizophagus fasciculatus (syn G. fasciculatum), Claroideoglomus etunicatum (syn G. etunicatum), and G. deserticola. Total spore density in the inoculum was 225 spores g −1 (25 spores g −1 per AM species).
Inoculum of AM fungi was inserted into the planting hole at the time of transplant. After transplanting, each pot received a microbial filtrate from both the substrate and the mycorrhizal inoculum. Substrate bacterial inoculum was extracted by suspending 1.0 kg unsterilized air-dried substrate in 5.0 L distilled water or 100 g AM inoculum in 1.0 L distilled water. After shaking and decanting, the suspensions were filtered (7 μm mesh) to discard AM fungi. Before starting the experiment, each pot received 200 mL of substrate filtrate and 30 mL of inoculum filtrate. After the addition of the filtrates, each pot was weighted and an amount of tap water needed to bring the substrate near to its field capacity (ca. 95% water holding capacity) was added. When ca. 50% of flowers were fully expanded (July 2, 2013, see Supplementary Material Fig. 1 for temperature and relative humidity [RH] during the experiment), total plant biomass was collected from each pot and sorted by plant organ (roots, stems, and flowers). Each fraction was weighted separately, fully expanded flowers were counted, and a representative sample of each organ was oven-dried (65°C until constant weight) in order to calculate the respective moisture levels. A subsample (3 g) of roots from each pot was stained with 0.05% trypan blue in lactic acid according to Phillips and Hayman (1970) , and root colonization by AMF was measured according to Giovannetti and Mosse (1980) by counting at least 300 intersection at ×40 magnification under a microscope. An intersection was considered as positive if an intraradical hypha and/or an arbuscule was present. Fifteen leaves per plant were randomly picked and leaf greenness/ chlorophyll content index was immediately measured by SPAD (Minolta SPAD 502DL). Yield components (number of flower-bearing stems per plant, number of flowers per plant, mean flower weight) and flowers' SM content (hyperforin, pseudohypericin, and hypericin) were measured. Mean number of flowers per stem was computed.
Secondary metabolite determination
SM determination was performed according to Tawaha et al. (2010) . Briefly, 5 g of air-dried and powdered flowers for each treatment and replication were extracted in 50 mL ethanol for 72 h in the dark, constantly shaking the samples. Each extract was filtered and dried by a Rotavapor for yield determination in ethanol-extracted compounds. Secondary compound concentration was measured by HPLC (HPLC-DAD Thermo Scientific UltiMate 3000 equipped with an analytical HPLC column Phenomenex Gemini® 5 μm NX-C18 110 Å, 250 × 4.6 mm) on three technical replicates per biological replicate. In particular, 20 μL of ethanol extract was eluted with a gradient of 20 mM ammonium acetate (solution A) and acetonitrile (solution B) as follows: 0-25 min, 50% A; 25-35 min, 10% A; and 35-45 min, 50% A. Flow rate used was 1 mL min −1
. Hyperforin, pseudohypericin, and hypericin were quantified using an external standard curve per each compound by means of their absorbance (287 nm for hyperforin, and 590 nm for pseudohypericin and hypericin).
Computations and statistical analysis
Data expressed as percentages were arcsine square-root transformed before running the statistical analyses. The analysis of variance was performed by means of the GLIMMIX procedure in SAS/STAT 9.2 statistical package (SAS Institute Inc., Cary, NC, USA). This procedure is capable of modeling nonnormal data and correcting for heteroscedasticity (Schabenberger 2005) . Block was treated as a random factor. Differences among means were compared by applying tgrouping with Tukey-Kramer correction at the 5% probability level to the LSMEANS p differences.
Results
No AM fungi colonization was found in the roots of plants that were not inoculated with AM fungi. Phosphorus fertilization did not affect root colonization by AM fungi (Table 1) , which was on average 42.5% ± 1.1 and 40.6% ± 1.9% in nonfertilized and P-fertilized treatments, respectively. P fertilization increased aboveground biomass (Table 1, Fig. 1a ) and slightly reduced root biomass (Fig. 1b) . AMF increased aboveground biomass in non-fertilized treatments by 16.7%, whereas they did not affect aerial biomass in fertilized treatments (Fig. 1a) . In addition, AMF increased root biomass on average by 26.8% (Fig. 1b) . The effect of treatments on total biomass and root to aboveground biomass ratio was similar to that observed for root biomass (Supplementary Material Table 1 ). The application of P reduced root to aboveground biomass ratio by 22.7%, which was on average 2.70 g g −1 in non-fertilized treatments and 2.08 g g −1 in P-fertilized treatments. Inoculation with AM fungi did not affect root to aboveground biomass ratio. P fertilization reduced leaf chlorophyll content (SPAD values) by 26%, whereas no effects of AMF on SPAD values were observed (Supplementary Material Table 1 ).
AMF fungi almost halved the number of flowers per plant (Fig. 2a) in both P-fertilized and non-fertilized treatments; in the first case, this was due to a 42.3% reduction of the number of flower-bearing stems per plant (Fig. 2b) , whereas in the non-fertilized treatments, this outcome may be attributed to a 58.7% reduction of the number of flowers per stem (Fig. 2c) . Such effects resulted in a 49.3% lower flower dry matter (d.m.) yield in +AM than in −AM plants across both P fertilization treatments (Fig. 2d) .
Extraction yield was on average 18.4% and did not differ among the treatments applied (Table 1 and Supplementary  Material Table 1 ). However, the effect of AM fungi and P × AMF interaction for this trait was near significant (F = 4.68, p = 0.059 and F = 4.14, p = 0.072, respectively), which depended on a +8.2% extraction yield in +AMF compared to −AMF under low P availability and only a +0.3% under high P availability. Flowers' hyperforin concentration (μg a.i. g −1 flower d.m.) decreased by 21.1% after P fertilization and by 17.7% after AMF inoculation, with no interaction between treatments (Fig. 3a) . AMF enhanced by 166.8 and 279.2% pseudohypericin and hypericin concentrations, respectively, under low P availability (non-fertilized treatment) (Figs. 3b and 3c, respectively) , whereas no effect of AMF was found on pseudohypericin and hypericin under high P availability (P-fertilized pots).
Discussion
Phosphorus availability did not affect root colonization by AMF, which was on average 41.5%. Such a level of root colonization by AMF is close to those found by Moora and Zobel (1998) in seedling (43-46%) and adult plants (45-48%) of H. perforatum. Davoodian et al. (2012) reported that the degree of root colonization by AMF in H. perforatum roots can range from 0 to 63% with a mean of 10%, and it is higher in post-flowering than pre-flowering and flowering stages. On the contrary, Zubek et al. (2012) , by means of an AM measurement technique different from the one we used, found a higher mycorrhizal frequency than in the present study, with NA not available a F statistics at p values ≤0.05 and associated p are shown in italics. Numerator degrees of freedom (df) were 1 for all traits and treatments, denominator df were 3 for P treatments in Broot colonization by AM fungi^and 9 for all treatments and interaction in the other traits small differences among mycorrhizal inocula. The degree of AM colonization of roots may differ according to several factors, including plant species and genotype, phenological stage, AMF species, and soil fertility (Maron et al. 2004; Davison et al. 2011; Davoodian et al. 2012; Majewska et al. 2016) , showing decreasing values with increasing P availability (Treseder 2004) . However, the application of organic matter to the soil was found to stimulate the growth and activity of AM extra-radical mycelium (Joner and Jakobsen 1995) and root colonization by AMF (Saia et al. 2014b) . Thus, it is likely that the high C content of the growth substrate that was employed for the present experiment reduced the negative effect of P availability on root AM colonization as already observed elsewhere (Alloush et al. 2000) . AM symbiosis increased the aboveground biomass in low P (non-fertilized) but not in high P (fertilized) pots and increased root biomass in both non-fertilized and P-fertilized treatments. Seifert et al. (2009) showed that the response of H. perforatum to root colonization by AMF usually is positive, but it can strongly differ depending on the plant genotype and clone. In contrast to the present study, Zubek et al. (2012) did not find any effect of the arbuscular mycorrhizal symbiosis on shoot biomass of H. perforatum, irrespective of using inocula of single or multiple AM species. However, Zubek et al.'s (2012) experimental conditions involved smaller plants, individuals obtained from seed, a higher plant density, and a lower amount of substrate per plant than the present study. Nonetheless, van der Heijden and Horton (2009) estimated by means of the data from Moora and Zobel (1998) that the mycorrhizal dependency (in term of biomass) of H. perforatum seedlings was negative, whereas that of adult plants was positive.
Arbuscular mycorrhizal symbiosis almost halved the number of flowers per plant. This consequence depended upon different effects on morphogenesis at high and low P availability. At high P availability (P-fertilized treatment), AMF reduced the number of flower-bearing stems per plant, whereas at low P availability (non-fertilized treatment), AMF mostly reduced the number of flowers per stem. Information on the effects of AM fungi on flowering is disparate. In particular, it has been shown that AM fungi usually increase flower amount, the number of flowering plants in a stand, or flowering earliness (Schenck and Smith 1982; Gaur et al. 2000; Scagel 2004; Perner et al. 2007; Bunn et al. 2009; Asrar et al. 2012; Bona et al. 2015) . However, it also has been found that AM fungi can have no effects on flowering (Linderman and Davis 2004) , delay its onset, or increase its duration (Schenck and Smith 1982; Dubský and Vosátka 2000; Saia et al. 2014a; Jin et al. 2015) . Such effects could depend on both the competition for N and photosynthates between AM fungi and flowers (Johnson et al. 1982 ) and the ability of AM fungi to reduce nutrient deficiency or other stresses for the host plant. The number of flower-bearing stems is determined earlier than the number of flowers per stem (Slafer et al. 1996) , and AM fungi retain most of the N taken up in organic form for their own growth (Hodge and Fitter 2010) . The growth substrate used in the present study was rich in organic matter. Under such a condition, it is likely that at low P, competition between AM fungi and plant stems was partly balanced by the P uptake exerted by AMF, whereas at high P, where AM benefits were reduced, such competition also resulted in a reduced flower induction by the stems. The behavior of AM fungi can range from mutualism to commensalism and parasitism, and from this to amensalism or competition (Johnson et al. 1997) , and such transitions strongly depend on the N/P ratio of the environment or experimental conditions (Johnson et al. 2014 ). In our experiment, the reduction of the SPAD reading at high P could reflect both a diminished N/ P ratio and decreased N and P availabilities for the plant. Thus, the lack of AM effect on aboveground biomass and the greater number of yield components reduced by the AM symbiosis at high P suggest that P fertilization likely moved the phenotype of the AM symbiosis from partly mutualistic (for the aboveground biomass) to amensalistic. AMF reduced hyperforin content in both low and high P if compared to the non-inoculated controls. In contrast to the present study, other authors (Dias et al. 2001; Azizi and Omidbaigi 2002) found that N and P fertilization Fig. 1 Dry weight of aboveground and root biomass of Hypericum perforatum grown under P-fertilized (+P) or non-fertilized (−P) conditions and inoculated with arbuscular mycorrhizal fungi (+AMF; gray bars) or not inoculated (−AMF; white bars). Data are means ± S.E., n = 4. Means among treatments were separated with t-grouping of the least square means differences; treatments with a letter in common are not different at p < 0.05. Please note that P fertilization × AMF interaction for root biomass was not significant (Table 1) increased hyperforin content. Such a difference can depend on the different features of the growth substrate used in both experiments, as also suggested by Bruni and Sacchetti (2009) . Hyperforin biosynthesis in H. perforatum starts from amino acid precursors and proceeds with prenylation (Karppinen et al. 2007) . It has been shown that AMF can decrease free amino acid content and saturated fatty acid content in host plants (Rivero et al. 2015; Saia et al. 2015b ) and that AMF depend on their host plants for the biosynthesis of some special fatty acids (Trepanier et al. 2005) . Hence, it is likely that hyperforin biosynthesis decreases in mycorrhizal rather than in control plants due to a sequestration of precursors needed by the AMF. However, other fungal and plant-mediated mechanisms also can be involved in such a reduction. For example, the application of either a living or autoclaved cell suspension of the fungus Nomuraea rileyi to H. polyanthemum reduced the content of uliginosin B, a phloroglucinol derivative. Furthermore, hyperforin has an antimicrobial function in the plant (Kirakosyan et al. 2004) , and thus its reduced accumulation in mycorrhizal compared to nonmycorrhizal plants could be related to the ability of the AM partner to suppress some of the plant's defense mechanisms (Garcia-Garrido 2002) . Finally, the unclear relationship between available sugars and hyperforin content in H. perforatum, as assessed in a bioreactor (Zobayed et al. 2003) , and the demand for sugars by the AM fungi could be related to the reduced hyperforin content of the mycorrhizal plants.
Hypericin and pseudohypericin concentrations were higher under high than low P availability in the non-mycorrhizal controls. Similar results were found by other authors (Dias et al. 2001; Azizi and Omidbaigi 2002) . On the other hand, AMF increased hypericin and pseudohypericin content only under low P availability. Similar results were found by Zubek et al. (2012) , who found that an AMF mixture increased the content of naphthodianthrones more than single AM species did. The latter authors attributed this result to a plant regulation mechanism of the symbiosis with multiple AMF species through an increase in secondary metabolite production, as also observed by Pinior et al. (1999) . Lingua et al. (2013) also found that AMF increased the content of many polyphenols in strawberry, and this result occurred at low nutrient availability. However, several mechanisms of the plant-fungi interaction can be involved in the stimulation by the AMF of naphthodianthrone synthesis. For example, methyl jasmonate or salicylic acid is involved in the mycorrhizal symbiosis (Pozo et al. 2004) , positively affects hypericin content, and is involved in the plant-fungi interaction (Sirvent and Gibson 2002) . Indeed, the activation in the arbuscular mycorrhizal symbiosis of molecular mechanisms common to those of plant pathogens already has been found (Pozo et al. 2010) . In addition, as suggested above, AMF can reduce the N content of the plant (Saia et al. 2014a) or readdress amino acid metabolism to the biosynthesis of secondary compounds (Battini et al. 2016; Srivastava et al. 2016 ). Other authors (Briskin et al. 2000; Briskin and Gawienowski 2001) also showed that a reduction in N availability increased hypericin content without resulting in nitrogen deficiency symptoms. And indeed, we Fig. 2 Number of flowers per plant, number of flower-bearing stems per plant, number of flowers per stem, and dry weight (d.w.) of flowers per plant of Hypericum perforatum grown under P-fertilized (+P) or nonfertilized (−P) conditions and inoculated with arbuscular mycorrhizal fungi (+AMF; gray bars) or not inoculated (−AMF; white bars). Data are means ± S.E., n = 4. Means among treatments were separated with t-grouping of the least square means differences; treatments with a letter in common are not different at p < 0.05. Please note that P fertilization × AMF interaction for flowers per plant, flowers per stem, and dry weight of flowers per plant was not significant (Table 1) found that AM fungi did not alter SPAD values which are related to plant nutrient status. Finally, the reduced hyperforin content in the mycorrhizal compared to non-mycorrhizal treatments could indirectly have increased the availability of malonyl-coA, a common precursor to both hyperforin and naphthodianthrone biosynthetic pathways, and thus increased the latter in the mycorrhizal plant compared to the noninoculated controls.
Conclusions
In the present experiment, AM fungi increased the concentration of the a.i. of H. perforatum flowers but strongly reduced the amount of flowers per plant, which consisted in a reduction of the total a.i. production per plant. Such an effect could have drawbacks when growing H. perforatum in semi-arid areas because high temperatures during flowering can reduce the timespan and intensity of flowering. Nonetheless, in temperate or cold environments, delaying flowering could result in a higher biomass accumulation and total flower production. The results of the present experiment also showed that AM fungi can play an important role in the accumulation of bioactive compounds in H. perforatum and that such effects could be related to the P uptake by the AMF partner. However, also other H. perforatum-fungi interactions could be involved in such effects, because both hyperforin and naphthodianthrones show antimicrobial and antifeedant activity (Kusari et al. 2013 ) and an endophytic fungus of H. perforatum was able to produce hypericin in a growth medium without any compound from its host plant (Kusari et al. 2008) .
The reduction of the number of flowers of mycorrhizal than control plants could be related to competition for photosynthates between partners (Johnson et al. 1982) , and such competition could be exacerbated when some mineral nutrient also is divided between AM symbiont and plant sinks (e.g., sprouts or flowering centers). At adequate resource availability for the AM fungus, mycorrhizal plants might instead contribute to compensatory increases in photosynthesis, and this would both compensate for photosynthates supplied to the AM partner and increase flower abundance. Fig. 3 Hyperforin, pseudohypericin, and hypericin concentration in flowers of Hypericum perforatum grown under P-fertilized (+P) or nonfertilized (−P) conditions and inoculated with arbuscular mycorrhizal fungi (+AMF; gray bars) or not inoculated (−AMF, white bars). Data are means ± S.E., n = 4. d.w., dry weight. Means among treatments were separated with t-grouping of the least square means differences; treatments with a letter in common are not different at p < 0.05. Please note that P fertilization × AMF interaction for hyperforin concentration was not significant (Table 1) 
